Aims Previous studies suggested haemodynamic benefits and, possibly, mortality reduction with the use of nitric oxide synthase (NOS) inhibition in patients with acute myocardial infarction (AMI) complicated by cardiogenic shock (CS). We assessed preliminary efficacy and safety of four doses of L-N-monomethylarginine (L-NMMA), a non-selective NOS inhibitor, in patients with AMI complicated by CS despite an open infarct-related artery. Methods and results Patients (n ¼ 79) were randomly assigned to a bolus and 5 h infusion of placebo or 0.15, 0.5, 1.0, or 1.5 mg/kg of L-NMMA. The primary outcome measure was absolute change in mean arterial pressure (MAP) at 2 h. Fifteen minutes after study drug initiation, mean change in MAP was 24.0 mmHg in the placebo group and 5.8 (P ¼ 0.02), 4.8 (P ¼ 0.02), 5.1 (P ¼ 0.07), and 11.6 (P , 0.001) mmHg in the four L-NMMA groups, respectively (all vs. placebo). Mean change in MAP at 2 h was 20.4, 4.4, 1.8, 24.1, and 6.8 mmHg in the placebo and four L-NMMA groups, respectively (all P ¼ NS). Conclusion L-NMMA resulted in modest increases in MAP at 15 min compared with placebo but there were no differences at 2 h.
Introduction
Cardiogenic shock (CS) remains the leading cause of death in patients hospitalized for acute myocardial infarction (AMI). 1 Despite reductions in the intermediate and long-term mortality by early revascularization demonstrated by the SHOCK Trial, [2] [3] [4] long-term survival remains poor, with mortality in excess of 50%. 1 An overlap between CS and the systemic inflammatory response syndrome characterized by cytokine release and the expression of inducible nitric oxide synthase (iNOS) leading to high levels of nitric oxide has recently been recognized. 5, 6 In the healthy state, NO is continuously produced from L-arginine at low concentrations by a calcium-dependent NOS control of normal vascular tone at the level of the endothelium. 7 At higher levels, NO causes inappropriate systemic vasodilatation as well as systemic and coronary hypoperfusion and may contribute directly to myocardial depression. 5, 8, 9 N G -monomethyl-Larginine (L-NMMA) is a reversible, non-selective NOS inhibitor that binds at the active catalytic site in competition with the normal substrate, L-arginine. 7 Two small, singlecentre studies suggested that non-selective NOS inhibition may improve selected clinical parameters, including blood pressure (BP), as well as survival of patients with CS. 10, 11 On the basis of the promising experimental and singlecentre study findings, we conducted the SHould we inhibit nitric Oxide synthase in Cardiogenic shocK 2 (SHOCK-2) phase II dose-ranging study, which tested four doses of L-NMMA against placebo in patients with persistent CS complicating AMI. We assessed the preliminary safety and efficacy, pharmacokinetics, and biological activity of L-NMMA, as well as feasibility of a randomized trial of a pharmacological agent in the setting of AMI complicated by persistent CS.
Methods

Patient population
Patients with AMI complicated by persistent CS despite an open infarct-related artery (IRA) were considered for the study. Eligible patients had ECG evidence of !2 mm ST-segment elevation in at least two contiguous leads, left bundle branch block, or !2 mm ST-segment depression in at least two contiguous leads with elevated creatine kinase (CK), CK-MB, or troponin T or I above institutional upper limit of normal. Patients were eligible for randomization between 1 and 12 h after demonstration of an open IRA, defined as 70% stenosis with any Thrombolysis In Myocardial Infarction (TIMI) antegrade flow, recognizing that no reflow may be more likely to occur in this population. Patency could be achieved by percutaneous coronary intervention (PCI), thrombolytic therapy, or spontaneous reperfusion. Intra-aortic balloon counterpulsation (IABP) was strongly recommended. A pulmonary artery catheter was required.
CS criteria included clinical evidence of hypoperfusion with systolic BP , 100 mmHg despite at least 7 mcg/kg/min of dopamine or equivalent dose of norepinephrine in addition to low cardiac index (CI) (,2.2 L/min/m 2 if measured off IABP, or ,2.5 L/min/m 2 on IABP) and pulmonary capillary wedge pressure (PCWP) !15 mmHg. These criteria were intended to select a population with expected mortality of at least 50%. 3, 12 Patients were excluded for suspected or documented infection, adult respiratory distress syndrome, primary pulmonary hypertension, proximal right coronary artery culprit (unless RV function was normal) or severe RV dysfunction from any cause (visualized on echocardiogram), other causes of shock (e.g. sepsis, hypovolaemia, haemorrhage, anaphylaxis), or CS due to causes other than left ventricular (LV) pump failure (severe mitral regurgitation, rupture of ventricular septum or ventricular free wall, brady-or tachyarrhythmia, or aortic dissection). Additional exclusion criteria included anticipated need for urgent surgical revascularization or LV assist device prior to 30 days post-randomization, serum creatinine .2.5 mg/dL (.221 mmol/L), anoxic brain damage, pre-terminal profound shock as evidenced by metabolic acidosis (pH , 7.1) on at least two measures over !30 min despite mechanical ventilation and circulatory support measures (e.g. IABP), irreversible multisystem failure (e.g. shock liver, lungs, kidneys), age , 18 years, or pre-existing illness with life expectancy , 6 months.
Institutional Review Board approval was obtained at all sites. Each subject or the subject's legally authorized representative gave written informed consent prior to participation.
Study design and procedures
SHOCK-2 was a phase II, randomized, placebo-controlled, doseranging study to assess preliminary efficacy and safety of four doses of L-NMMA compared with placebo. The primary outcome measure was change in MAP at 2 h after initiation of study drug. Secondary endpoints included change in MAP at 15 min and change in other haemodynamic variables at 15 min and 2 h. Additional endpoints included overall 30 day mortality and 30 day mortality for the pre-specified subgroups of patients ,75 and !75 years of age. The study was designed to provide 80% power to detect a 20% increase in MAP and was not powered to detect differences in mortality.
Patients were randomly assigned by centralized interactive voice response system to one of five treatments: L-NMMA 0.15 mg/kg IV bolus and 0.15 mg/kg/h infusion Â 5 h; 0.5 mg/kg IV bolus and 0.5 mg/kg/h infusion Â 5 h; 1.0 mg/kg IV bolus and 1.0 mg/kg/h infusion Â 5 h; 1.5 mg/kg IV bolus and 1.5 mg/kg/h infusion Â 5 h; or placebo (0.9% normal saline), IV bolus, and 5 h infusion. Randomization was blocked and was stratified by site, with a projected randomization ratio of 1.33:1 for placebo vs. each active drug group. A screening log was maintained.
Baseline haemodynamics were recorded just prior to injection of study drug bolus. These and serial values included systolic and diastolic BP, MAP, PCWP, CI, cardiac power (CP), systemic vascular resistance (SVR), and pulmonary vascular resistance (PVR). BP measurements were taken from the in-dwelling arterial line or IABP visual display and by cuff after the removal of arterial line and IABP. All haemodynamic values were recorded on support measures, including vasopressors and inotropes, and with IABP paused, if clinically feasible. Down-titration of vasopressors was recommended for severe hypertension (systolic BP . 180 mmHg) or ischaemic events only, but clinicians also frequently downtitrated when hypotension was corrected.
The Duke Clinical Research Institute provided surveillance of safety and clinical events. An independent data and safety monitoring board reviewed study conduct on an ongoing basis. This study was conducted in accordance with the principles of Good Clinical Practice, including the World Medical Association's Declaration of Helsinki.
Central laboratory services were provided by ICON clinical laboratories in North America and Europe, and by American Medical Laboratories in Israel. Plasma concentrations of L-NMMA were assayed using a sensitive and specific liquid chromatography/mass spectrometry assay at The Cleveland Clinic Foundation. Samples were collected at baseline, 1, 5, 6, 12, and 24 h after study drug administration and were stored at 2708C prior to analysis.
Statistical analysis
All randomized subjects received assigned double-blinded study medication and are included in these analyses according to the assigned treatment. Dichotomous variables are presented as frequencies and continuous variables as means with standard deviation and, in the case of concomitant drug doses, time intervals and change in MAP at 15 min and 2 h, as medians with the 25th and 75th percentiles. On the basis of prior studies, standard deviations of the change in MAP of 10 mmHg for the placebo group and 20 mmHg for the active treatment groups were utilized for the sample size calculations.
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MAP measurements off IABP took precedence over measurements on IABP when both were available for the same time point; however, for paired data, consistency with regard to IABP status took precedence. Most paired measurements were performed with the IABP on.
The Dunnett test was the pre-specified test for statistical significance. 13 Mean difference in each treatment arm was tested separately against placebo using a standard t-test at an a-level of 0.0146. For the pooled four active treatment groups, a-level was set at 0.05. A P-value of ,0.0146 for any of the treatment arms was considered significant. A post hoc Jonckheere-Terpstra test was also performed on the primary outcome measure to account for the ordinal nature of the dosing. The four treatment arms were pooled and tested against placebo using a Fisher's exact test with mid-P-values. The quadratic trend test was also used to identify any linear or quadratic relationship across doses, assuming they were equally spaced. The Wilcoxon Rank Sum test was performed to detect if there is a significant difference in the median change in MAP at 15 min and 2 h, comparing each treatment arm to placebo. All dichotomous variables were analysed in this fashion. All statistical tests were two-sided.
Results
Screening log data
Of 432 screened patients with suspected CS, 22 died before they could be enrolled, 52 did not meet haemodynamic inclusion criteria, 54 did not meet criteria for MI or IRA patency, and 116 had at least one exclusion criterion. The most frequent exclusion criteria met were renal dysfunction (n ¼ 30), RV dysfunction (n ¼ 22), shock duration.24 h (n ¼ 14), and suspected infection (n ¼ 13). A second exclusion criterion was present in half of patients with prolonged duration of shock. Shock resolved within 1 h of IRA opening in 81 patients; 10 patients were not identified within the 12 h window after confirmation of IRA patency. Of the 97 remaining patients who were eligible, 15 declined participation and three were treated with LV assist device in the early phase.
Baseline clinical characteristics
A total of 79 patients were enrolled at 22 centres in the USA (32), Canada (26), Germany (8), Israel (6), Austria (5), and Denmark (2) over 9 months. Treatment groups were similar with regard to age, sex, history of diabetes mellitus (DM), hypertension, and other comorbidities ( Table 1) . SHOCK-2 patients comprise an older population (age 69 + 11 years) with a high proportion of DM, a finding consistent with prior studies of CS. With the exception of PCWP, there were no significant differences among groups in any baseline characteristic. Of note, there was variability between groups in baseline characteristics, which although not statistically significant, may be clinically relevant. This is not unusual for a dose-ranging study of this size. Median study intervals were similar across all groups ( Table 2) . PCI was performed prior to study drug administration in 90% of patients assigned to placebo and in 93, 93, 100, and 64% of patients assigned to 0.15, 0.5, 1.0, and 1.5 mg/kg of L-NMMA, respectively (P ¼ 0.039). Median doses of vasopressors and inotropes at baseline just prior to study drug administration ( Table 3) were lowest in the placebo group. Except for one patient in the 1.0 mg/kg group, all patients in SHOCK-2 received IABP support.
Pharmacokinetic and pharmacodynamic data
Following study drug administration, plasma drug levels were proportional to dose ( Figure 1A) . Concentrations of All haemodynamic variables are measured on vasopressors, with some on and some off intra-aortic balloon counterpulsation (IABP). Baseline MAP measurements taken just prior to study drug administration off IABP support were available in eight patients in the placebo group, and five, six, eight, and 12 patients in the L-NMMA 0.15, 1.5, 1.0, and 0.50 mg/kg groups, respectively. L-NMMA were similar at 1 and 5 h after initiation of study drug bolus and infusion, indicating that the selected loading dose was appropriately matched to the maintenance infusion for rapid attainment of L-NMMA steady state ( Figure 1B) . The steady-state concentration was linearly related to infusion rate ( Figure 2) . The median elimination half-life across the population (available for 49 subjects) was 0.64 h [IQR 0.52-0.91 h]. Of these measurements, 24% of the half-lives were ,0.5 h; 41% were between 0.50 and 0.75 h; 12% were between 0.75 and 1.00 h; and 22% were .1 h. Patients receiving study drug (%) 100 100 100 100 100
Randomization to study drug ( All times in hours, reported as median with 25th and 75th percentile, except for the duration of study drug infusion and randomization to study drug initiation, which is median, minimum, and maximum. 
Secondary endpoints
MAP was also measured 15 min after study drug initiation, at which time vasopressor down-titration is unlikely to have occurred. Precise information on vasopressor dosing was not available at 15 min. Significant increases in MAP were noted for each L-NMMA group compared with placebo, except for the L-NMMA 1.0 mg/kg group, where a strong trend was observed ( Figure 5 ). Changes in other haemodynamic parameters at 2 h, as well as change in blood glucose and total urine output at 24 h, were similar between groups ( Table 4) .
Safety
Analysis of adverse events (Table 5 ) revealed that L-NMMA was well tolerated and had a safety profile similar to placebo in this very high risk population. Importantly, exacerbation of RV failure, a problem identified with higher doses of L-NMMA in prior studies of septic shock, 14 was not observed in this study. There were no cases of premature discontinuation of study drug infusion because of an adverse event.
Mortality
No significant differences in mortality were observed among any treatment groups at 30 days ( Table 6 ). A pre-specified analysis by age revealed a rate of mortality much lower than projected among patients in the placebo group aged , 75 years. No association was observed between change in MAP by 2 h and survival in any treatment group or in the group as a whole.
Discussion
We have demonstrated the feasibility of a randomized, multicentre international trial of a pharmacological agent in patients with AMI complicated by CS. However, in contrast to prior reports, we did not observe a significant change in the primary outcome measure of MAP at 2 h. There was no improvement in MAP relative to placebo at 2 h at any dose of L-NMMA studied, including the 1.0 mg/kg dose used in prior studies. Furthermore, we did not observe any association between blood L-NMMA level and change in MAP at 2 h. The observed lack of association between rise in MAP over the first 2 h and survival in our cohort suggests that early increases in MAP may be an inadequate surrogate for survival in CS complicating AMI. Finally, we have demonstrated the tolerability of, and provided safety data for, a 10-fold range of doses of L-NMMA bolus and 5 h infusion. No untoward effects of L-NMMA on RV function or PVR at any dose were observed. A phase III trial of NOS inhibition in septic shock, utilizing doses of L-NMMA up to 13-fold higher than the maximum in our study, was stopped owing to excess mortality related to pulmonary hypertension and cardiac failure in the L-NMMA group. 14 The results of SHOCK-2 contradict the findings of Cotter et al., 10 who reported significant improvement in BP, urine output, and other haemodynamic parameters, first in an 11-patient non-randomized study utilizing L-NMMA 1 mg/kg bolus and a 1 mg/kg/h 5 h infusion, and later in a small single-centre, randomized open-label pilot study (LINCS) of 30 patients, utilizing nitro-L-arginine-methyl-ester (L-NAME), a similar NOS inhibitor, also at 1 mg/kg bolus and 5 h infusion. 11 The basis for these studies derives from experimental evidence that high levels of NO and NO-derived species cause a wide array of detrimental effects in both ischaemic and non-ischaemic myocardium, [15] [16] [17] [18] [19] pro-inflammatory effects, and reduction of catecholamine responsivity, 20, 21 as well as observations that NOS inhibition ameliorates myocardial ischaemiareperfusion injury. 22, 23 In the randomized LINCS study, in which vasopressor therapies and fluids were managed by physicians who were not blinded to treatment, a significant survival benefit of NOS inhibition was suggested, with 30 day mortality of 37% in the L-NAME group and 70% in the control group. Unfortunately, the current blinded, multicentre study did not replicate these encouraging haemodynamic and survival findings, which suggests L-NMMA may not be as efficacious as originally suggested. However, there may be other explanations for the divergent haemodynamic findings. The LINCS population had lower MAP than patients enrolled in SHOCK-2 (median on vasopressors and off IABP: 62 mmHg in LINCS and 71 mmHg in SHOCK-2). It is possible that L-NMMA has a larger effect on BP in patients with more severe haemodynamic derangements.
Also, in contrast to LINCS, in which doses of all vasoactive medications were maintained during L-NMMA infusion, considerable down-titration of vasopressor/inotropic agents occurred during the first 2 h of study drug administration to SHOCK-2 patients. In the present study, improvement in MAP in active drug groups was observed at 15 min, at which point down-titration of vasopressors was unlikely to have occurred. Facilitation of catecholamine responsivity by L-NMMA has been shown in a shock model, 24 and this interaction could explain higher rates of vasopressor downtitration in higher dose L-NMMA groups in SHOCK-2. Decreases in vasopressor doses were presumably made in response to an improving circulatory state, and the distribution of changing vasopressor doses across the study drug dose range could indicate a dose-dependent effect on haemodynamics. The early rise in MAP with active study drug (seen at 15 min) suggests that excess NO does play a role in the hypotension associated with CS.
Study limitations
The small sample size limits conclusions about safety as well as efficacy of L-NMMA. The unexpectedly low mortality rate in the placebo group, rarely seen in persistent CS complicating AMI, suggests that the populations of earlier studies may not have been adequately replicated. Assessment of the effect of L-NMMA on haemodynamics was confounded by the differential use of vasopressors, possibly owing to haemodynamic effects of the active drug. Finally, any attempt to determine the most efficacious dose of L-NMMA is hampered by the fact that there is no known surrogate endpoint that correlates well with an effect of a pharmacological agent on mortality.
Conclusions
Although the potent haemodynamic effects of NOS inhibition in patients with CS suggested by prior studies have not been confirmed by SHOCK-2, this study has demonstrated the feasibility of a multicentre, randomized trial of an investigational agent in CS complicating AMI. Whether L-NMMA improves survival of patients with AMI and persistent CS can only be determined by an adequately powered study assessing all-cause mortality. The TRIUMPH study, utilizing an L-NMMA dose of 1.0 mg/kg bolus and 5 h infusion on the basis of evidence of prior studies and the tolerability demonstrated in this study, was designed to provide a definitive answer to this question.
